New cells are produced from the meristematic tissues located at the shoot and root tip throughout the life of higher plants. To investigate the genetic mechanism regulating meristematic activity, we isolated and characterized four single-gene, recessive mutants in Arabidopsis fhaliana called root meristemless (rmn. Complementation tests identified two RML loci; RML7 maps to chromosome IV and RML2 maps to chromosome 111. These mutants produce normal embryonic roots that either did not undergo or experienced limited cell division following germination, resulting in primary roots of less than 2.0 mm in length. Mutants can produce lateral and adventitious roots, which can grow to a length comparable to the embryonic root and arrest, indicating that the growth arrest is unrelated to the embryonic dormancy process. Neither the addition of growth regulators to the media nor the removal of shoots can rescue mutant roots from growth arrest, indicating that the mutant phenotype is not caused by a shortage of known growth regulators or by a transmissible shoot inhibitor. Normal cell division ability in mutant embryo, shoot, and callus cells indicates that the RML gene functions are not part of the general cell division processes; rather, they are involved specifically in activating the cell division cycle in the root apical cells.
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The sporophytic phase of seed plants consists of embryonic and postembryonic development (Esau, 1977) . Following fertilization, the zygote undergoes rapid cell division to produce the embryo. In accordance with the developmental program, the embryo ceases cell proliferation upon maturation and then enters dormancy. Postembryonic development begins with imbibition and germination; cell division is activated in the shoot and root apical cells, generating the shoot and root meristems (Steeves and Sussex, 1989) . These apical meristematic cells can remain in the cell cycle to generate new cells for growth and development throughout the plant's life (Lyndon, 1990) . Behind the apical meristems, the cell division rate decreases and cells enlarge and differentiate into specialized cell types. The molecular mechanism underlying the activation and maintenance of cell proliferation in the apical meristems is unknown. Possible mechanisms for the spatial regulation of cell proliferation and differentiation include a cell-autonomous mechanism propagated from the initial cells to the mitotic progeny (Dolan et al., 1993; Scheres et al., 1994) , ' This research was supported by a National Institutes of Health Traineeship to K.A.S. (Institutional, 5, and National Science Foundation grant No. NSF DCB-9105603 to Z.R.S. transport of growth regulators between organs, and the axial polarity generated within the organ.
For proliferating cells, passage of a cell .through the cell cycle is regulated by cdc2 protein kinase and cyclin (Hunt, 1991; Scherr, 1993) . Genes containing sequence homology to yeast or animal genes encoding proteins such as cdc2 protein kinase, cyclin, and mitogen-activated protein kinase have been isolated from plants (Hemerly et al., 1992; Hirt et al., 1992; Martinez et al., 1992; Mizoguchi et al., 1994) . Mutants unable to form shoot meristems, e.g. the shoot mevistemless mutant, might be impaired in a gene regulating cell proliferation in shoot apical cells (Barton and Poethig, 1993) . The identification of genes regulating cdc2 and cyclin activity in a root-specific manner is needed to understand cell division and differentiation during root development.
Taking advantage of the simple root system in Avubidopsis (Schiefelbein and Benfey, 1991) , we focused on the isolation of mutants impaired in root, but not shoot, meristematic cell proliferation. Four rml mutants were found that underwent limited or no cell division following germination, thus failing to generate root meristems. We report here the genetic characterization of these four rml mutants and developmental anatomy of the mutants and wild-type seedlings in an attempt to determine the role of the R M L genes in root development. Our findings suggest Plant Physiol. Vol. 107, 1995 water, resuspended in 0.1% agar, evenly distributed on top of soil trays (1 X 2 ft), and grown in the greenhouse under SD conditions (9 h light) at 21°C. For y-ray mutagenesis, seeds were irradiated with a 137Cs source at 935 rads/min for 50, 60, 70, and 80 min by Dr. Mike Mindrino (Massachusetts General Hospital, Boston) and planted in the University of California, Berkeley, greenhouse in 53 separate trays at a density of approximately 5000 seeds per tray. Seeds from individual M, plants were harvested and stored for severa1 months before being screened.
To screen for abnormal seedling mutants, M, seeds were sterilized and plated on agar plates containing two-fifths Murashige-Skoog medium (Murashige and Skoog, 1962) , placed at 4°C for 2 d, and then germinated in a growth chamber kept at 21°C with 9 h of light. Plates were scanned under a dissecting microscope every week for 3 weeks for M, plants segregating normal and abnormal (putative mutant) M, seedlings, e.g. rml phenotype. Heterozygous plants were transplanted to soil to test the heritability of the putative mutants.
Cenetic Complementation and Mapping
Heritable mutants were selfed for two generations to remove additional deleterious effects of the mutagen. Heterozygous plants segregating 25% rml were crossed with each other to determine allelism. Two rml mutants were considered allelic if their F, hybrids segregated 25% mutants and nonallelic if a11 F, seedlings were wild type.
Gene mapping was performed using a set of modified RFLP probe constructs called ARMS (Fabri and Schaffner, 1994) , which are available through the Arabidopsis Biological Resource Center. Detailed mapping for rmll was performed using individual RFLP markers previously described for chromosome IV (Chang et al., 1988; Nam et al., 1989; Hauge et al., 1991) . A minimal sample size of 50 F, plants was used to perform linkage analysis. F, progeny from an original cross between the Columbia ecotype containing the rml mutations and the Landsberg ecotype were harvested and tissue was stored at -80°C. DNA was extracted using a modification of Murray and Thompson (1980) , and harvested F, seeds were germinated to score the recessive rml phenotypes. DNA was digested with EcoRI, electrophoresed on an 0.7% agarose gel, and blotted onto nylon membranes (Hybond, Amersham). Blots were hybridized in 7.0% SDS, 250 mM NaPO, at 65°C either with a select collection of ARMS probes or with individual polymorphic markers. Hybridization and autoradiographic exposures were carried out as described by Church and Gilbert (1984) . Recombination frequency was determined (Koornneef and Stam, 1993; Mayer et al., 1993) . SD was calculated according to the method of Allard (1956) .
Microscopy
For whole-mount preparations, seedlings were fixed in 10 mL of formaldehyde, 50 mL of 95% alcohol, 5 mL of acetic acid for 24 h, boiled in 95% ethanol for 5 to 8 min, and stained in lactophenol cotton blue for 5 min at 80°C. After dehydration, seedlings were cleared in xylene for 24 h, examined under a Nikon inverted microscope, and photographed using phase-contrast optics.
For the preparation of thin sections, seedlings were fixed in 4% glutaraldehyde for 16 to 18 h at 4°C as described by Sung et al. (1992) . After washing with 0.2 M phosphate buffer at pH 7, seedlings were dehydrated and infiltrated with JB-4 plus A solution (Polyscience, Inc., Warrington, PA) and then embedded in JB-4 plus. Longitudinal and transverse seria1 sections (3-5 Fm) were cut with a Reichert-Jung microtome (Heidelberg, HB340). Each section was picked up and aligned on a glass slide for ease of identifying the median longitudinal section, then stained with 0.05% toluidine blue O or periodic acid leucofuchsin (Clark, 1981) , and photographed under a Zeiss Axiophot microscope or Nikon inverted microscope.
[3H]Thymidine lncorporation
Seeds from heterozygous plants were sterilized and placed at 4°C for 2 d. Germination was performed on a Whatman filter paper in a Petri dish containing two-fifths Murashige-Skoog liquid medium supplemented with 5 pCi/mL of [meth~l-~HIthymidine (41846 Ci/mmol; Amersham). Seeds were grown at 21°C under 9 h of light at a 25" angle to ensure straight root growth. After 72 h of incubation, mutants and wild-type plants were identified and roots were fixed in 1% glutaraldehyde, 4% formaldehyde dissolved in 50 mM sodium phosphate buffer, pH 7.2, for 24 h at 4°C. Fixed roots were embedded in JB-4 plus and 3-to 5-pm sections were prepared as described above. Slides were coated with a thin layer of Kodak NTB2 liquid nuclear emulsion diluted 1:l with 600 mM ammonium acetate.
After a 48-h exposure in the dark, slides were developed in Kodak D-19 developer, fixed in Kodak Rapid Fixer, washed, and stained in 0.05% toluidine blue O before being mounted in Permount (Fisher Scientific, Pittsburgh, PA). Specimens were photographed under a Zeiss Axiophot microscope.
Hormone Treatment and Shoot-Removal Experiments
Seeds from heterozygous plants segregating rml mutants were germinated on agar plates containing two-fifths Murashige-Skoog medium (control) supplemented with NAA, IAA, IBA, 6BA, KIN, or GA at various concentrations. The plates were placed at 4°C for 2 d, then moved to a growth chamber, and placed at a 25" angle to allow root growth along the agar surface. Root length of 6-d-old seedlings was measured under a dissecting microscope (Wild M5A, Heerbrugg, Switzerland).
For the shoot-severance experiment, 2-d-old wild-type and mutant seedlings were identified among the segregating progeny of a heterozygous plant and were severed with a razor blade above the junction of the hypocotyl and tap root. Shootless roots and intact seedlings were grown as described above. Root lengths were measured O, 5, 10, and 15 d after the shoot was removed. induced by y-rays. rm12-1 and rm12-2 mutants were detected in the M, population from M, seedlings planted in separate trays, ensuring that they arose from independent mutations. DEB mutagenesis produced a variety of seedling mutants, but no "rml-like" phenotypes were detected in this population.
Segregation analysis of RFLP markers was performed primarily using the newly available ARMS (Fabri and Schaffner, 1994) . Segregation values for the linked as well as representative unlinked markers were determined. Data from mapping Columbia and Landsberg ecotype polymorphisms indicated that the RMLl gene maps between RFLP markers in the middle of chromosome IV and the RML2 gene maps between RFLP markers in the lower arm of chromosome I11 (Table 11) .
Tissue-Culture Experiments
Seven-day-old seedlings were cut into 5-mm pieces and cultured on a callus-inducing medium containing B5 medium (Gamborg et al., 1968) 
RESULTS

Genetic Characterization of the rml Mutants
Four rml mutants of A. thaliana were isolated from about 10,000 mutagenized Arabidopsis M, seeds by screening M, plants segregating 25% um1 phenotypes as described in "Materials and Methods." Genetic crosses were performed with heterozygous plants. The 3:l segregation ratio indicates the recessive nature of the four independent mutants. Sixteen reciproca1 crosses among the four mutants were carried out to determine allelism (Table I) . We found that two mutants, rmll-1 and rm11-2, are impaired in the same gene, RMLl. The other two mutants, rml2-3 and rml2-2, are both impaired in RML2. rmll-1 was induced by EMS mutagenesis, and the rest, rm11-2, rml2-1, and "2-2, were
Morphological Characterization of the rml Mutants
The um1 mutant seedlings were identified by the following phenotypes: early arrest of root growth, lack of root meristem, and nodule-like lateral outgrowth on the roots (Fig. 1, B -D, G, and H). rml root growth ceased entirely within 4 d and did not exceed a length of 1 to 2 mm, whereas wild-type roots reached a length of 63 mm in 15 d (Fig. 2) . Wild-type seedling roots contained cells that stained darkly at the root tip ( Fig. 1F ), indicating the presente of rapidly dividing, cytoplasmically rich, meristematic cells that were absent in the mutant root tips (Fig. 1 , C, G, and H). Shoot development in the mutants was normal, as evidenced by the presence of an actively developing shoot meristem. This meristem produced normal leaf primordia (lp) and a shoot apical meristem with a stereotypical tunica-corpus cellular arrangement (Fig. 3, A and B). Mutant seedlings grown on agar plates produced smaller but normal rosettes, inflorescence, and flowers ( Fig. 1E ). However, it is difficult to obtain seeds from homozygous plants grown on agar plates.
Mutants impaired in the same rml gene, e.g. rmll-1 and rmll-2, are phenotypically similar but are easily distinguished from mutants of the other um1 gene, e.g. the two rml2 mutants. The differences between rmll and rm12 mutants are (a) rmll mutants produce shorter roots (about 1 (Figs. 1, C and G, and 3F), whereas rm/2 mutants usually produce nodule-like structures but no lateral roots (Figs. 1H and 3E), (c) rmll mutants and wild-type seedlings exhibit epinastic cotyledons, whereas the cotyledons of rm/2 mutants are flat (Fig. 1, A , B, and D), and (d) the hypocotyls of rm/2 mutants are straight, whereas rmll hypocotyls are always curved (Fig.  1, B and D) .
Cell Division in the rml Mutant Roots
In wild-type roots 1 d after germination, nearly all cortical and epidermal cells surrounded by the cap divided anticlinally so as to increase cell number along the root axis (Fig. 4B) . As a result, the seedling root formed a 0.22-mm region defined as the root meristem, which is characterized by cytoplasmically dense, isodiametrically shaped cells with large nuclei and small vacuoles (Fig. 4D) Seeds from plants heterozygous for the four rml mutants were germinated on agar plates. Root lengths were measured under a dissecting scope. The mean of 10 roots was plotted with SD shown as error bar ( n = 10 roots). B, Data in A were replotted, except for the wild-type seedling length data. The scale was expanded to highlight differences between rmll and rml2 mutant root length.
from heterozygous or wild-type seedlings until 2 d after germination. Two days after germination, homozygous rml mutants were identified as seedlings with short roots in a segregating population and prepared for histological examination. Unlike the wild-type roots, the rmll mutant lacks half-sized daughter cells (Fig. 4, B and C) . There was no apparent cell division in the rmll mutant root and the 4-d-old rmll roots maintained the same cellular arrangement as the wild-type embryonic roots (Fig. 4, E and F) . In contrast, the 4-d-old wild-type roots produced an enlarged root meristem that contained actively dividing cells (Fig.  4D) . Lacking cell division, 4-d-old rmll mutant roots accumulated starch in the root apical cells, suggesting an accumulation of excess unused carbohydrates in the absence of cell division (Fig. 4E) . The development of root hairs near the root tip indicates precocious differentiation of cells in the elongation region (Fig. 4F) . Fifteen-day-old wild-type root tips looked the same as the 4-d-old wild-type roots. In contrast, rmll and rm12 mutant roots still had no sign of cell division. Instead, the mutants produced xylem strands and highly vacuolated root epidermal and cortical cells in the root tip in lieu of the meristematic cells (Fig. 4, G and H ).
This suggests that the root apical cells have undergone terminal differentiation into mature cortical and vascular cells.
To further investigate the cell division arrest in rmll and rm12 mutants, we examined DNA synthesis in roots soon after germination. Seedlings were germinated in [3H]thymidine; 3-d-old mutant and wild-type seedlings were identified and sectioned for autoradiography (Fig. 5) . Numerous nuclei in the wild-type roots were heavily labeled in the root cap, meristematic, and elongation region (Fig. 5C ).
In contrast, there were only a few heavily labeled nuclei in rm12 roots and no heavily labeled nuclei in rmll roots (Fig.  5, A and B) . The vast difference in the number of labeled nuclei in wild-type and mutant cells suggests a lack of cell division in rmll and limited cell division in the rm12 root tip.
Embryonic Root Size
In the absence of cell division, the rmll primary root should have the same number of root cells/cell file as the embryonic root. To determine the embryonic root size (number of root cells/cell file at d O) in Arabidopsis, we exploited the notion that cell division may be absent in the hypocotyl during germination. Without cell division, the number of hypocotyl cells in the embryo would be the same as that in the seedling. Subtracting the number of cells in the hypocotyl from that of the embryonic axis provides a reasonable estimate of the number of embryonic root cells.
Root hairs are detectable in tissue sections of the wildtype seedlings as early as 1 d after germination. We used them as a landmark for the lower limit of the hypocotyl and found that cell counts of the hypocotyl for 1-, 2-, 4-, 7-, 10-, and 20-d-old seedlings have the same number of cells, 24.0 2 1.8 cells/epidermal cell file and 27.0 2 2.3 cells/cortical cell file (Table 111) . Thus, hypocotyl growth from 0.68 2 0.03 to 3.6 ? 0.3 mm, 1 to 20 d after germination, respectively, resulted largely from cell elongation and not cell division. By subtracting the number of hypocotyl cells from the total number of cells/cell file in the embryonic axis, 40.5 2 0.9 epidermal and 44.1 2 2.0 cortical cells, we determined that the embryonic root contains minimally about 17 cells/epidermal and 17 cells/cortical cell file (Figs. 4A and 6). Had cell division occurred in the hypocotyl following germination, the embryonic hypocotyl would contain fewer and the embryonic root would contain more cells than we had previously determined. The number of cells/cell file for the rmll seedling root and hypocotyl was the same as the entire embryonic axis (see below). This argues that cell division does not occur in vmll hypocotyls following germination.
Root Cell Number/Cell File
To obtain direct evidence for the lack of or limited cell division in the mutant roots, we compared the cell number in the wild-type and mutant roots. Epidermal and cortical cell number/cell file in the median longitudinal sections of roots from 2-, 4-, 7-, and 15-d-old seedlings were counted (Fig. 6 ). Cell number of rmll mutant roots did not increase during germination; it averaged about 18.1 5 1.6 epidermal and 17.4 2 1.4 cortical cells/cell file. In rm12 there was a slight increase in cell number, which ceased 4 d after germination, generating a meristemless root containing about 33.8 ? 1.9 epidermal and 33.2 ? 2.3 cortical cells/cell file. In contrast, wild-type roots produced about 178.6 ? 24.2 epidermal and 179.6 t 19.3 cortical cells/cell file in 15 d (Fig. 68) . These cell counting results are consistent with the DNA synthesis and developmental anatomy studies that indicate an absence of cell division in rmll and limited cell division in rml2 mutant roots after germination. Taken together, these results suggest that RML1 and RML2 genes are involved in activating cell division at the root tip following germination.
Mutant Roots Have Normal Cell and Tissue Patterns
Analysis of longitudinal sections of rmll and rml2 mutant roots (Fig. 4 , E-H) indicated that mutant roots have normal patterns of cell and tissue development. To confirm that the rml mutant roots developed normal tissue patterns, we examined the cross-sections from the mature regions of wild-type and mutant roots (Fig. 7) . Similarly to the wildtype tissue pattern, both rmll and rml2 roots developed one layer of epidermal and two layers of cortical cells in 5-d-old roots and starch accumulated in the cortical cells of rmll. In addition, the mutant roots were able to produce vascular tissues with normal root cell patterns. Despite the development of normal tissues and cell types, the mutant roots were unable to continue to grow after reaching a length of 1 to 2 mm.
Mutant Root Apical Cells Differentiate Normally When Cell Proliferation Ceases
Root emergence during the germination of rml mutants resembles that of "gamma plantlets" that develop without cell division (Foard et al., 1965; Foard, 1971) . Although rmll mutant root cells did not elongate as much as the wild type, embryonic root cell elongation accounted for the emergence of the 1 to 2 mm of mutant primary root from the seed coat. In the absence of cell division in the rml roots, most root apical cells did not remain "undifferentiated"; instead, they lost the dense cytoplasm and became vacuolated (Fig. 4, G 
and H).
Cellular differentiation in the root tip resulted in the appearance of darkly stained vascular tissue surrounded by the vacuolated epidermal and cortical cells (Figs. 1, G and H, and 4H) . In addition to vacuolation, epidermal differentiation is evidenced by the appearance of root hairs close to the cap and starch accumulation in the root apical cells (Figs. 1, E and F, and 4G ). In contrast, cellular differentiation in actively growing wild-type roots is limited to the mature zone and does not extend to the root meristematic region (Figs. IF and 4D ).
Lateral and Adventitious Root Development in rml Mutants
Lateral roots originate from the pericycle tissue layer. Like root apical cells, pericycle cells are competent to divide and express the cdc2 gene (Doerner et al., 1993; Hemerly et al., 1993) . rmll lateral roots were able to initiate properly but did not grow beyond 2 mm in length (Fig.  3C) . This growth arrest resulted in the production of embryo-size meristemless lateral and adventitious roots (Fig. 3D) cell number/cell file in the median longitudinal sections of the rmll lateral roots indicated that the longest lateral roots have the same number of cells/cell file as the mutant primary root and the deduced embryonic root (Fig.   8 ). Thus, cell division in mutant lateral roots ceased when the same number of cells/cell file as the rmll primary and embryonic root was reached. Assuming the same cause for growth arrest in the primary and lateral roots, the cessation of cell division in mutant roots is independent of embryonic arrest during seed desiccation and seed dormancy.
Nodule-like structures consisting of proliferating cells and vascular tissue emerged from the pericycle layers in both the rmll and rml2 mutant roots (Figs. 1, G and H, and 3, E and F). Although rml2 produced no lateral roots, the rml2 nodules were histologically indistinguishable from rmll nodules. The cause of the nodule-like structures is unknown, perhaps because they arise as a result of hormone imbalances or the disruption of root axial polarity, which would interfere with normal cell and tissue organization during lateral root development (Scheres et al., 1992; Cooper and Long, 1994) . To extend the adventitious roots study, callus tissue was initiated and roots were induced from callus. Adventitious roots regenerated from rmll mutant callus, but growth was soon arrested (Fig. 11) . Three weeks after the callus was transferred to the root-inducing medium, the length of the adventitious roots that formed on wild-type callus averaged 18.3 ? 1.9 mm, whereas the length of the rmll roots averaged 1.3 +-0.2 mm. In contrast, um12 callus did not produce identifiable adventitious roots. This might be related to the fact that rm12 seedlings did not produce lateral roots, only nodule-like structures. Such structures are indistinguishable from the nodulated surface of the callus tissue. Thus, rmll callus can undergo root organogenesis; however, root growth is arrested at a size comparable to that of the mutant primary and lateral roots, indicating that the R M L l gene is required for the meristematic activity after rather than before root organogenesis.
rml Mutant Phenotype 1s Not Rescued by Shoot Severance
To investigate the possibility that the R M L phenotype is caused by an inhibitor diffused or transported from the shoot, we excised the shoot and monitored for mutant rescue in the absence of the putative shoot inhibitor. rmll and rm12 mutant phenotypes were not rescued when the shoot was removed (Table IV) . Shootless wild-type roots grew, but their growth was slower than intact wild-type roots. In the absence of the shoot the rml mutant phenotype could not be caused by a transmissible shoot inhibitor. This suggests that the R M L gene activity is most likely localized to the root.
rml Mutants Cannot Be Rescued by Hormone Treatment
Plant growth regulators, or hormones, exert profound effects on growth and differentiation. To investigate the possibility that the stunted roots are caused by hormone insufficiency in the rmll and rm12 mutants, we supplemented the growth medium with a variety of hormones to attempt mutant rescue in germinating seedlings. NAA, IAA, IBA, 6BA, KIN, or GA provided at 10K7, 10K6, and 10K5 M did not stimulate root growth in either the rmll or rm12 roots (Fig. 9) . In contrast, wild-type root growth was either inhibited or not affected by the added hormones. Thus, limited mutant root growth is not caused by an insensitivity to or shortage of these growth regulators.
DISCUSSION
Our results show that the rmll and rml2 mutants are impaired in cell proliferation at the root tip. The cellproliferative ability of mutant embryo, shoot, and callus cells indicates that the R M L genes are not required for the general cell division processes as are some of the cdc2 and cyclin genes expressed in a11 proliferating cells (Feiler and Jacobs, 1990; Hirt et al., 1991 Hirt et al., , 1992 Hemerly et al., 1992) . The function of the R M L genes does not appear to be related to hormone metabolism (Fig. 9) or to be caused by inhibitor transported from the shoot (Table IV) . The rml mutant phenotype is undetectable in the embryo but appears immediately after germination, indicating that the R M L genes are required for cell proliferation during postembryonic, not embryonic, root growth. Thus, the appearance of the Rh4L gene activities may mark the boundary of embryonic and postembryonic root growth.
rml mutants are phenotypically different from the previously reported root mutants, e.g. monopteros (Berleth and Jurgens, 1993) , the skort-root mutants, or the mutants showing expanded root cell phenotype (rom; Baskin et al., 1992; Benfey et al., 1993) . Unlike monopteros, which is affected in basal pattern formation during embryogenesis, rml mutants exhibit a normal root pattern but cannot generate and maintain the root meristematic tissue. Unlike the rom and skort-root mutants, rml mutants have extremely short roots, do not show abnormal cell expansion, and possess appropriate root cell layers.
On the other hand, like the shoot meristemless mutant in Arubidopsis, which lacks shoot meristem but can produce cotyledons and leaves from hypocotyls (Barton and Poet- hig, 1993), rm/ mutants lack a root meristem but can produce short lateral and adventitious roots. The formation of leaves from a shoot meristemless mutant and roots from the root meristemless mutants challenges the conventional view that roots and shoots must originate from a meristem. We entertain an alternative view that the embryo differentiates into organs first, and these organs subsequently generate proliferative regions, commonly called meristems (see below).
The Boundary of the Hypocotyl and Root in the Embryo
Contrary to the conventional view that the uppermost root cap cells mark the boundary between the hypocotyl and embryonic root (Dolan et al., 1993) , our cell count/cell file data in concert with clonal analysis data (Scheres et al., 1994) provide direct evidence that the root/hypocotyl boundary is above the uppermost cells of the root cap. Our cell-counting data also support the widely accepted notion that hypocotyl elongation in the seedling involves cell elongation rather than cell division, as evidenced by no detectable increase in the number of hypocotyl cells/cell file in the epidermis or cortex of 1-to 20-d-old wild-type seedlings (Table III) . Thus, the number of hypocotyl cells/cell file in the embryo would be the same as the germinating seedling. Counting the number of cells/cell file from the shoot apex down along the embryonic axis, we determined that the hypocotyl/root junction was about five cells above the root cap-enclosed region (Fig. 4A, open arrowheads) .
The embryonic axis consists of an embryonic root of 17 cells/epidermal or cortical cell file and a hypocotyl of 24 cells/epidermal and 27 cells/cortical cell file. Detection of this boundary is consistent with the observation that the rmll mutant seedlings that lack root cell division have the same number of root cells/cell file as the embryonic root. Contrary to the statement of Dolan et al. (1993) , the number of cortical cell layers is not a reliable criterion for distinguishing the hypocotyl from the root, since the upper part of the embryonic root consists of two cortical cell layers and becomes the mature region of the seedling root that also consists of two cortical cell layers (Fig. 7) .
The Basic Unit of a Root Organ
RML genes regulate not only primary root but also lateral and adventitious root cell proliferation. Cell division in the primary, lateral, and adventitious roots of rmll does not arrest at a random cell number; rather, it arrests after producing a root containing the same number of cells as the embryonic root, i.e. approximately 17 epidermal and 17 cortical cells in a cell file (Fig. 8 ). It appears that root development from diverse origins shares a common end point at which the RML gene functions are required for continued root growth. We propose that the 17-cell-long root primordium constitutes the basic root unit necessary www.plantphysiol.org on October 14, 2017 -Published by Downloaded from Copyright © 1995 American Society of Plant Biologists. All rights reserved. a Two days after germination, seedlings were severed above the junction of the hypocotyl and tap root to remove the shoots (-Shoot). Both shootless roots and intact seedlings (+Shoot) were grown o n sterile two-fifths Murashige-Skoog medium and root length was measured O, 5, 10, and 15 d after the seedlings were severed. An average of 10 roots were used for each measurement.
for the cells to function coordinately as an integrated organ, thus establishing the root identity. With organ identity, the root primordium acquires the positional information, e.g. axial polarity, needed to separate the cell-generating root apex and cell specialization (in the maturation region) functions along the root axis. Activation of cell proliferation in the root apex results in the formation of a root meristematic region (commonly called the root meristem).
Mechanism of the RML Regulated Root Cell Proliferation
Functional differentiation along the root axis may be accomplished by the regulation of the cell division cycle via the R M L gene products. This regulation could be accomplished through the action of gene products at severa1 different steps in the process of activating the cell division cycle at the root tip. First, the RML gene products could be required for the operation of the cell cycle. They could be cyclins, cdc2s, or mitogen-activated protein kinases (Hemerly et al., 1992; Hirt et al., 1992; Martinez et al., 1992; Mizoguchi et al., 1994) . However, the fact that shoots and callus of the rml mutants grow normally argues that the RML genes are not simply general cell cycle genes. Second, Rh4L gene products could be a necessary component of the signaling pathway that activates the cell division cycle genes. Again, normal shoot growth requires that they be root-specific transduction molecules. Third, the KML gene products could be receptor molecules that are specific to cell proliferation signals generated in the basic root unit such as axial polarity in the root. Molecular cloning of the Rh4L genes would reveal their biochemical identity and enable the study of their temporal and spatial expression.
